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Introduction 

The neuron is an extremely complex system which contains an almost 
inexhaustible supply of problems to be resolved in the future, not only 
in morphology and function of the fully developed nervous system, but 
also in the mechanisms of the remarkable changes which take place in 
embryonic development. 

The activités of neurons to be discussed are those seen in phase-con-
trast cinemicrographic records of embryonic cells cultivated in vitro. 
Such observations were made also by the pioneers in this field such as 
Harrison (1910), Lewis and Lewis (1912), Levi (1934), and Weiss (1934) 
which were thoroughly reviewed by Levi (1934) and Weiss (1955). Lewis' 
(1950) observations and the analysis of his motion pictures taken of the 
same material as used in the present report have been found to be very 
accurate and concise. The present author intends to present a summary 
of some time-lapse, phase-contrast cinemicrographic records of chick 
embryo sensory neurons in tissue culture. The motion picture and its 
analyses may offer some evidence either for or against earlier findings 
and interpretations. Many of the studies have already been published 
(Nakai, 1955, 1956, 1960; Nakai and Kawasaki, 1959; Nakai et al, 1961); 
some represent previously unpublished work. The observations will be 
presented in the following order: (1) migration of neurons, (2) extension 
and retraction of filopodia and fibers, (3) peristaltic movement, (4) adhe-
siveness of filopodia and retraction force, (5) migration of particles in the 
neuron and axoplasmic flow, and (6) the area responsible for motility. 
While such a classification is convenient, it is not necessarily the only one 
which is reasonable, since the various phenomena are clearly interrelated. 

Migration of Neurons 

The migration of neuroblasts and neurons occurs during establish-
ment of the nervous system, particularly, of the neural tube (Fujita, 
1962) and of the peripheral autonomic nervous system. 

There is a general tendency in tissue culture for tissues to become 
flat on the cover slip because of the migration of tissue cells. The be-
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havior of spherical spinal ganglia in the present studies is not excep-
tional; cells of the capsule and neuronal processes grow out radially on 
the glass surface, resulting in loosening of the ganglion. After a few days 
or a week, one can see scattered neurons entangled in their nerve plexus 
in the expiant. Some neurons are observed apart from the original group. 
Do these neurons migrate, and if so, do they do so actively or passively? 
Lewis (1950) stated simply that "they are still capable of migrating a 
little." 

A growing nerve fiber roves on the solid surface (Harrison, 1914). 
The fiber retracts while its tip sticks firmly to some obstacle, then the 
cell body is drawn toward the tip to some extent, or travels throughout 
its entire length. 

Occasionally the cell body does not move, and a fiber may finish its 
retraction without any disturbance. In another case, an alternative re-
traction and extension of fibers or a tripolar neuron may drive the cell 
body in various directions. A rocking motion of a neuron and its dis-
placement within a small area are usually seen in the initial phase of 
regeneration of fibers from a spherical neuron (Nakai, 1956, Fig. 1). It 
is caused by retraction and extension and by peristaltic movement of 
the cell. 

Migrating fibroblasts and other cells are abundant in cultures of 
spinal ganglia and often collide with neurons and nerve fibers; they may 
drag the neurons or bend the fibers, causing slight displacements or de-
formations of neurons. Figure 1 shows a remarkable case of migration of 
a neuron both actively and passively. 

Thus the neurons migrate, apparently by extension and shortening 
of its fibers, and also by traction exerted by other cellular elements. 

Extension and Retraction of Filopodia and Fibers 

The axon grows in length at an average rate of 1-2 mm/day. It is 
obvious that, if a particular cell is followed for several days (Nakai, 1956, 
Fig. 15), the fiber elongates not only at the tip but also in other parts. 
Retraction of an axon or a collateral over its entire length or shortening 
of a part of a fiber (Fig. 1) have also been observed. 

Filopodia of the growth cone and of the stem of the axon extend and 
retract at an average rate of 1 μ/min. When they protrude and swing, 
they appear to be firm but elastic, and they become bent when the tip 

FIG. 1. A neuron migrates actively by retracting its fibers and/or passively by 
traction of a migrating cell. Note changes of a collateral and its branches at the upper 
left (a, b, and c). Twelve-day chick embryo, spinal ganglia after 3 days in culture. 
Selected film frames from a cine record; time intervals: 0, 97, 186, and 247 min. 
Scale: 8 mm — 20 μ. 
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collides with an obstruction. On retraction, they become flaccid and 
serpentine. 

An axon or a collateral sometimes retracts in this manner, while a 
new sprout originates from the opposite pole of the cell body. 

Similar phenomena have been observed sometimes in filamentous or 
fibrous processes of nonneuronal cells. Rhizopodia of the Foraminifera 
show a resemblance (Allen, 1961), although they move about 100-200 
times faster than the filopodia of neurons. 

It may be presumed that when the filopodia or fibers extend, they 
are differentiated into ectoplasm and endoplasm; however, as they re-
tract, the endoplasm flows proximally prior to retraction of the ectoplasm. 

Additional evidence is required to prove the concept that the filopodia 
consist of a gelated outer ectoplasm and an inner solated endoplasm 
(Lewis, 1950; Weiss, 1955). An unusual phenomenon tentatively called 
"ecdysis" may contribute evidence to this interpretation and also to that 
of axoplasmic flow mentioned later: A growth cone crossed the stem of 
another fiber adherent to it at the base and to some object at the tip. 
The fiber proximal to the cone showed undulation. Then, viscous mate-
rial in the cone flowed back into the fiber leaving "an empty capsule" 
connected by a thin tube to the fiber. The capsule jerked and changed 
its form in a shape of a glove while being drawn by the fiber and de-
creased in size. 

Peristaltic Movement 

In young cultures the cell bodies of sensory neurons shows peristaltic 
movement just when new sprouts are to be protruded. Violent undula-
tion in the motion picture gives an impression that the cell "squeezes 
out" its contents. An oval and eccentrically located nucleus is thus dis-
placed and sometimes shows a rotatory movement (Nakai, 1956). 

Peristaltic movement is observed more or less constantly in the stem 
of a nerve fiber either locally or on the whole surface. 

During the formation of a collateral, a series of rhythmic contractions 
is observed in the region of a prospective bud for more than an hour. 
In the course of these events, fine longitudinal parallel stripes in the 
cytoplasm or on the surface of the fiber become flexed and wrinkled, and 
the dense granules along the opposite side of the bud are constantly 
displaced. The opposite side of the fiber does not show any remarkable 
change and keeps a smooth margin during this process. 

When filopodia or collaterals stick to a fixed obstacle which disturbs 
their retraction and extension, a small vibration is seen along the whole 
length. Such filopodia do not extend straight, but instead show a wind-
ing path between two fixed points. There is a repetition of extension and 
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retraction in a zigzag course which appears to be quite different from 
that of retraction without any disturbance. When this occurs in a filo-
podium or a collateral arising from the stem of a fiber which continues 
to elongate, the base of the filopodium or collateral shifts position at first 
in the direction of growth of the fiber and then backward. The shifting 
motion is repeated until the tip escapes from the obstruction. 

Some dense bulges which probably correspond to the "local bulges'' 
observed by Lewis (1950) are also seen on the surface of an axon; these 
are the remnants of retracted collaterals. They appear "darker" than the 
rest of the axon in phase contrast and move back and forth along the 
axon as he described. 

These observations lead to a concept that the local development and 
extension of the surface layer of a fiber, ectoplasm, take place repetitively. 
In electron micrographs of cultivated neurons (Nakai and Yamauchi, 
unpublished data) the protoplasmic membrane is locally obscure or 
wrinkled, which suggests "local minute weakness of a gel layer" (Lewis, 
1950). 

Adhesiveness of Filopodia and Their Traction Force 

The filopodia are sticky and adhere to obstructions at the tip or 
sometimes to each other. There are, however, differences in the duration 
of adhesion to obstacles or even to the same material. The filopodia often 
retract after merely touching an object; or they may stick to some obstruc-
tion and continue to draw for from several minutes to hours or more. As 
reported in detail (Nakai, 1960) they may stick to a macrophage and 
slow its migration; they may pull a small obstacle or adjacent fibers to-
gether to make a bundle; or they may tear off a fragment of cell debris. 

As these evidences suggest, adhesiveness of the filopodia, their tensile 
strength, and their retraction exert a "traction force." This force was 
tentatively estimated in a filopodium to be about 3 χ 1 0 - 1 0 dyne. 

Migration of Particles in the Neuron with Reference 
to Axoplasmic Flow 

Pinocytotic vacuoles are brought in at the tip of the growth cone not 
only by the action of undulating membranes but also by the filopodia 
(Lewis, 1950; Hughes, 1953; Godina, 1955; Nakai, 1955, 1956). These vac-
uoles travel at an average velocity of 1 μ/min in the cone and in the cell 
body. After passing the cone, they migrate faster in the fiber stem (at the 
rate of 2-5 μ/min). In the growth-cone vacuoles, mitochondria and dense 
granules, including lysosomes, are visible for a longer time and migrate 
in various directions. In the fiber they travel mostly proximally but 
sometimes stop or reverse direction for a short distance. Other particles 
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migrate in the opposite direction and often collide with the pinocytotic 
vacuoles. Two sequences of the film shown demonstrate the whole proc-
ess of pinocytotic vacuoles traveling from the growth cone to the fiber 
until they disappear in the perikaryon. 

Another sequence of film shows a flat, quadrangular cell with double 
nuclei pressing the neck of a fiber down to the glass surface. The tip of 
the fiber distal to the cell continues active pinocytosis and undergoes 
consequent swelling, and the cell does not shift its position. The fiber 
under the cell escapes to the margin of the cell and gives rise to a new 
sprout which begins pinocytosis and increases in thickness. The original 
dichotomized tip becomes a small bulb. During these events, the fiber 
proximal to the cell decreases in diameter and regains thickness after 
a new cone emerges. Damming of the fiber is probably due to uptake of 
pinocytotic vacuoles. Changes in the thickness of a fiber depends upon 
the material supplied from the growth cone and not from the cell body. 
The theory of "proximodistal flow" of the axoplasm (Weiss, 1944; Weiss 
et al., 1962) is not appropriate so far as migration of visible particles 
(probably including some invisible endoplasmic substance in neurons) in 
tissue culture is concerned. Lubinska (1963) reports additional evidence 
of bidirectional flow of axoplasm in adult animals by measuring Cholines-
terase (CHE) at the cut ends of the peripheral nerves. 

Active Sites for Neuron Motility 

The previous investigators (Lewis, 1945; Weiss, 1955) have assumed 
that the active center of neuron motility (such as elongation of fibers 
and axoplasmic flow) resides to a great extent in the cell body. Although 
the organizing center must ultimately be in the cell body, the observa-
tions of movement characteristic for each kind of particle, local peristalsis 
of the surface layer, etc., lead the author to propose a concept of multiple 
active sites within the neuron, 

In 1925, Levi (Levi, 1934) observed that a fragment of an axon tip 
experimentally isolated from the cell body, "trophic center," grew at the 
normal rate for 12 hr. Hughes (1953), reported a similar observation 
briefly. A film sequence presented here shows the activity of the peripheral 
part of a fiber isolated from the cell body (Fig. 2). The activity of filo-
podia at the growth cone appears to be quite normal, and the fiber 
shortens or elongates and undulates while the tip moves actively. More-

FIG. 2. Activities of a nerve fiber cut and isolated from its cell body. Notice move-
ments of the growth cone and an interaction between dichotomized tips. Eleven-day 
chick embryo, spinal ganglia after 30 hi in culture. Selected film frames from a cine 
record; time intervals: 0, 23, 124, and 323 min. Scale: 8 mm = 20 μ. 
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over, an initial process of fasciculation occurs between dichotomized tips. 
The cut end never shows any movement during observation for more 
than 5 hr. 

This film shows that extension and retraction of filopodia and of 
fibers and peristaltic movement of the fiber do not require the presence 
of the cell body within a limited time. Such evidence tends to support 
the concept of multiple motility centers to explain neuron movement. 

On the other hand, the collision of dense granules with pinocytotic 
vacuoles in the neuron or that of a vacuole with a filamentous mitochon-
drion in a cell of the human fibrosarcoma (Gey et al., 1954) is caused by 
migrations of particles in different directions apparently in the same 
plane. In the latter case, a pinocytotic vacuole which is larger and moves 
faster collided with a mitochondrion and broke it into two parts. 

The fact that two different kinds of particles move in their own direc-
tions, each at a particular velocity and yet in the same plane, suggests the 
possible autonomy of the particles. 

Summary 

A series of time-lapse, phase-contrast cinemicrographs of chick embryo 
neurons in tissue culture and their analyses have been presented. These 
demonstrate dynamic activities such as migration of neurons, extension 
and retraction of filopodia and neuronal fibers, the peristaltic movements 
of the fibers and the cell body, and the movement of particles within the 
neuron. Axoplasmic flow and the center of movements were briefly dis-
cussed in relation to the observations and theories reported by previous 
authors. 
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DISCUSSION 

DR. LING: It would be interesting to know the diameter of the filopodia. If you 
estimate the diameter at 0.1 μ, for example, then the power would perhaps be similar 
to a contracting frog muscle. On the other hand, if it were 1.0 μ, then the power 
would be much smaller. 

DR. NAKAI: The diameters of the filopodia are between 0.25 and 0.3 μ. 
DR. LING: In that case, these must be rather powerful structures. 
DR. A B É : I would just like to say that the term "bubbling" when applied to the 

activities of tissue cell surfaces during mitosis is frequently misleading; bubbling can 
be seen only in the time-lapse cinemicrography. At normal speeds these projections 
would be called "pseudopodia." 

DR. ROBINEAUX: I think that is a very important point. With time lapse, it must 
be realized that only a part of the real time-scale is used for the exposure of the film. 
A big part of the time is not used, and during this part of time many things can be 
happening. 

DR. A B É : If you look at a bird in flight with time-lapse films, movement of the 
wings may be obliterated from the projection screen, and only the body of the bird 
may appear moving swiftly. One cannot be too critical in interpreting the results of 
time-lapse films; otherwise confusions in terminology cannot be avoided. 


